Background: This exploratory study investigates the influence of maternal cortisol and emotional state during pregnancy on fetal intrauterine growth (IUG). We expected higher basal cortisol levels, or more depressive and anxious complaints during pregnancy, to be associated with slower IUG and lower birth weight. Methods: a total of 91 pregnant women were recruited from the antenatal clinic and were seen once each trimester. In addition to psychological assessments, a diurnal cortisol profile was derived from saliva samples. IUG was evaluated using ultrasound. results: In mid-pregnancy (trimester (T)2), basal cortisol levels significantly predicted the variance of weight (proportion of variance in growth variable explained (PVe) = 11.6%) and body mass index (BMI) at birth (PVe = 6.8%). In late pregnancy (T3) emotional state, particularly depressive symptoms (BMI at birth: PVe = 6.9%; ponderal index (PI) at birth: PVe = 8.2%; head circumference at T3: PVe = 10.3%; head circumference at birth PVe = 9.1%) and attachment (BMI at birth: PVe = 6.9%; PI at birth: PVe = 7.2%) had an influence on growth. analysis of growth between T2 and T3 showed that attachment and cortisol in T3 had an influence on the variation in increase in estimated fetal weight (PVe = 12.5-8.6%).
t he research paradigm "DOHaD"-developmental origins of health and disease-encompasses the short-and longterm consequences of the prenatal and early postnatal environment for atypical as well as typical development later in life (1, 2) .
In animal studies it has been shown that one of the key neurobiological mechanisms involved in the programming effects of prenatal stress, is the hypothalamic-pituitary-adrenal (HPA) axis of both mother and offspring. In humans, the mediating mechanisms in the transmission of stress from mother to fetus are still not clear, but here also the HPA axis is likely to be involved (3) . There is good evidence for a strong correlation between cortisol in the maternal and fetal compartments (4, 5) . Current data indicate that key targets for programming may include not only cortisol secretion itself, but also glucocorticoid receptor and 11β-hydroxysteroid dehydrogenase type 2 (11βHSD2) gene expression in a range of tissues (6) .
Eriksson (2) described birth size as a surrogate for summing the interaction between environmental and genetic influences in the prenatal period. In animal research, prenatal stress has been related to lower fetal and birth weight of the offspring (7, 8) . In humans, results of research investigating the relationship between maternal distress and lower birth weight are inconsistent (9) (10) (11) (12) (13) (14) . Although there is evidence that maternal stress during pregnancy can lead to slower fetal growth, the variance explained by maternal stress is very low, i.e., about 1% in a meta-analysis of 35 studies (15) .
It is unlikely that alterations in the function of the HPA axis are the only mechanism underlying low birth weight found after prenatal stress. In this respect, it is important to note that studies often show little correlation between various psychological measures and cortisol levels (3) .
Given these data, we hypothesized that intrauterine growth (IUG) might be influenced by prenatal stress. We expected children from mothers with higher basal cortisol levels or with more depressive and anxious complaints during pregnancy to show slower IUG.
Results

Demographic Data
A total of 91 pregnant women were included. Demographic data are summarized in Tables 1 and 2 . The mean duration of pregnancy at inclusion was 10.8 wk, and 44% were primigravidae. The women had an average age of 30.0 (SD: 3.97; range: 22-37) y. More than 70% of the mothers were highly educated; furthermore most of them were professionally active. Almost all mothers were married or living with a partner and were of the Belgian nationality. Children were born at an average of 39.05 postmenstrual weeks.
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Data on Fetal/Child Growth
These data are summarized in Table 3 to give an overview on how growth was evaluated. We evaluated IUG through ultrasound as explained before.
Data on Psychological Well-Being of the Mother
These data are summarized in Table 4 . Only a few mothers had a score equaling 10 or more on the Edinburgh Depression Scale (EDS), indicating that most mothers were not suffering from a major depressive illness. The prevalence in our study was lower than that stated by the Agency of Health Care Research and Quality (16): in T1: 10.7%, in T2: 7.5%, and in T3: 7.7%. The scores on the Hospital Anxiety and Depression Scale (HADS) were mostly below the cut-off score of 8 for anxiety as well as for depression. On the HADS anxiety scale, 10.7% of the pregnant women had a score above 8 in T1, 16 .4% in T2, and 10.8% in T3. In the cohort study of Andersson (17), 11.4% of the included pregnant women were suffering from an anxiety disorder. The mean-score on the Pregnancy Related Anxiety Questionnaire (PRAQ) demonstrated medium levels of anxiety. The Maternal-Fetal Attachment Scale showed high attachment in each trimester.
Data on Basal Cortisol Day Profile and Area Under the Curve in Three Trimesters
As expected, we see a cortisol increase over the three trimesters (Table 5 and Figure 1) . Between T1 and T3, cortisol levels were significantly different for all time points. A significant difference was seen between T1 and T2 at awakening and 30 min and 12 h later and between T2 and T3 at 4 and 12 h after awakening. Pregnancy is characterized by a progressive and significant increase in plasma concentrations of corticotropin-releasing hormone (18) , adrenocorticotropic hormone, and cortisol (19, 20) . Our result on cortisol awakening response and diurnal cortisol profile in pregnancy confirmed the results of other authors.
Depressive symptoms, anxiety symptoms, and attachment were not related to cortisol measurements. Therefore we can conclude that cortisol does not mediate the effects of these psychological measures on the obstetric outcomes. Where previous studies found a correlation between maternal emotional state and cortisol secretion, particularly in the third trimester (5, 21) , this is not confirmed in our data.
Principal Component Analysis and Regression Analysis
In T1, the principal components (PCs) did not predict any of the growth parameters during gestation. The PC scores and cortisol in T2 (mid-pregnancy) ( Table 6 ) explained 19.3% (P = 0.016) of the variance in the weight at birth, 20.4% (P = 0.003) of the variance in the body mass index (BMI) at birth, and 15.3% (P = 0.038) of the variance in the ponderal index (PI) at birth in a multivariate setting. In this model, cortisol significantly predicted weight at birth (proportion of variance explained (PVE) = 11.6%; P = 0.006). In the multivariate model for prediction of BMI at birth, not only cortisol (PVE = 6.8%, P = 0.016), but also depression (PVE = 10.7%, P = 0.003) played a role, although the latter did not show a significant relation in a univariate setting (P = 0.245). All of these significant associations were negative. Although the high correlation between BMI at birth and PI at birth was strong (Pearson's R: 0.890; P < 0.001), cortisol was not significantly associated with PI (P = 0.168), whereas depression was (PVE: 11.6%; P = 0.006).
In T3 (late pregnancy) ( Table 7) , we observed three interesting results. Again there was a tendency that some of the variance in BMI at birth (PVE: 14.0%; P = 0.063), as well as the variance in the PI at birth (PVE: 14.8%; P = 0.101), could be explained by the PCs and cortisol (area under the curve (AUC)). In addition to attachment (BMI at birth: PVE = 6.9%, P = 0.034; PI at birth: PVE = 7.2%, P = 0.051), depression (BMI at birth: PVE = 6.9%, P = 0.035; PI at birth: PVE = 8.2%, P = 0.038) was a significant component in the multivariate model. This relation was also present in the univariate model. Both depression and attachment in late pregnancy were negatively associated with BMI at birth and PI at birth. Second, 24.0% (P = 0.015) of the variation in head circumference (HC) in T3 was explained by the third-trimester PCs and cortisol (AUC) in a multivariate setting. Depression was the only significant component (PVE = 9.0%, P = 0.028) related 
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Prenatal stress and fetal growth to the HC in T3, in the multivariate but also in the univariate setting (PVE = 10.3%, P = 0.013). Cortisol was also significant in the multivariate model (PVE = 9.2%, P = 0.026). These associations were again in the negative direction. Third, 12.1% (P = 0.053) of the variation in HC at birth was explained by the third-trimester PCs and cortisol (AUC) in a multivariate setting. In a univariate setting anxiety (PVE = 9.5%, P = 0.014) and depression (PVE = 9.1%, P = 0.015) were significant predictors, but this significance disappeared in the multivariate model.
In addition, we investigated the evolution of the different growth variables from the second to the third trimester ( Table 8 ).
The variance of the evolution of the biparietal diameter ((BPD) PVE = 22.7%, P = 0.022), the femur length ((FL) PVE = 18.3%, P = 0.043), and the abdominal circumference ((AC) PVE = 23.7%, P = 0.017) are explained by the three PCs and cortisol. In the evolution of these growth variables again attachment plays an important role in both univariate (BPD: PVE = 7.7%, P = 0.032; FL: PVE = 9.8%, P = 0.015; AC: PVE = 9.8%, P = 0.014) and multivariate (BPD: PVE = 12.8%, P = 0.010; FL: PVE = 13.2%, P = 0.008; AC: PVE = 20.3%, P = 0.001) models for all three variables. Cortisol showed a significant association in the multivariate models of the evolution of these three growth variables (BPD: PVE = 8.4%, P = 0.035; FL: PVE = 8.0%, P = 0.035; AC: PVE = 8.1%, P = 0.037), although not in the univariate model. Anxiety has a role only in the univariate model of the evolution of BPD (PVE = 8.3%, P = 0.025). All significant associations were negative.
Estimated weight (ESW) is calculated through the Hadlock formula, which contains BPD, AC, and FL. A total of 20.3% (P = 0.050) of the variation in increase in estimated fetal weight between the second and the third trimester was explained by the PCs and cortisol (AUC) in a multivariate setting. Given their influence in the models of the growth trajectories of BPD, AC, and FL, attachment (PVE = 12.5%, P = 0.015) and cortisol (PVE = 8.6%, P = 0.042) were significant predictors in the multivariate model as expected. The latter was not significant in the univariate model (P = 0.196). These significant associations were again negative.
A total of 28.9% of the variance of difference in ratio of HC/ AC between T2 and T3 is explained by the three PCs and cortisol (P = 0.003). In the multivariate model, attachment (PVE = 7.0%, P = 0.041) is important, whereas in the univariate model anxiety (PVE = 12.5%, P = 0.005) and depression (PVE = 13.0%, P = 0.004) are important. These are the only associations with which attachment is positively associated. All other significant associations are again negative. Attachment seems to be the only component that has a consistent influence on the evolution of the growth variables throughout the three trimesters.
DIsCussION
This exploratory study shows evidence for the hypothesis that IUG is indeed influenced by prenatal maternal emotional state and/or maternal cortisol.
Our findings suggest that mid-pregnancy depressive symptoms are negatively associated with BMI and PI at birth, but no Articles Hompes et al.
correlation was found with birth weight. The Avon Longitudinal Study of Parents and Children (ALSPAC), however, reported an association with lower birth weight, although the effect was not statistically significant after adjustment for confounders, e.g., smoking (12) . The small cross-sectional study of Diego et al. (22) showed an association between maternal psychological distress (anxiety, depression, and daily hassles) and fetal ESW in mid-pregnancy, whereas Henrichs et al. (23) (23) used the brief symptom inventory, we used the EDS and the HADS depression. However, given the fact that both ALSPAC and Generation R used large samples, it is more likely that these studies would more easily obtain statistically significant association. Furthermore, our study showed that mid-pregnancy cortisol secretion was negatively associated with weight and BMI at birth, although not with PI. More evidence for a correlation between fetal growth and cortisol secretion was found by Diego et al. (22) who reported a correlation between cortisol and ESW in mid-pregnancy. 
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In late pregnancy, depressive symptoms were negatively associated with BMI and ponderal index at birth, but we did not find an effect of third-trimester cortisol on birth weight. Kivlighan et al. (24) reported steeper morning cortisol declines associated with lower infant birth weight. It is very difficult to compare because Kivlighan et al. applied other time points for salivary cortisol measurements. Where we used awakening as point of reference, the study of Kivlighan et al. used fixed time points (8:00 h, 12:00 h, and 16:00 h). In contrast to some published data (9,23), anxiety did not specifically influence birth weight in our study. Explanations for this might be the different socio-economic background of our subjects as compared Articles Hompes et al.
with those of Rahman et al. (9) and the different questionnaires used to assess anxiety as compared with the Generation R Study (23) .
In line with Henrichs et al. (23) , we saw that depressive symptoms were negatively associated with HC. Fetal head growth can be seen as an indicator of fetal brain development, because HC correlates with brain volume (23) . The ALSPAC study showed that HC and prenatal head growth was associated with subsequent IQ at the age of 4 y, although not at the age of 8 y (25). Henrichs et al. (23) hypothesized that fetal head growth might be a mediator in the relation of maternal prenatal psychological distress and subsequent child development.
Another important finding of our study is that attachment is a component that should be taken into account when studying prenatal stress. Attachment in late pregnancy was negatively associated with BMI at birth. Here we would have expected a positive association. It remains unclear what the explanation for this negative association might be. To our knowledge no studies have looked specifically at prenatal attachment and fetal growth.
To our knowledge, the study of Henrichs et al. (23) is the only one that provides insight on growth trajectories specifically between mid-and late pregnancy. We found a negative association between anxiety and the difference in ratio of AC and HC between mid-and late pregnancy. We did not find negative associations with the separate growth trajectories of the fetal head and abdomen that were seen in the study of Henrichs et al. (23) . Depressive symptoms in late pregnancy were only associated with the difference in ratio of AC and HC between mid-and late pregnancy. Similar to the Generation R Study, our data did not show an association of depressive symptoms and femur and abdomen growth. We did not find the negative associations with fetal head growth and fetal weight gain that were reported by Henrichs et al. (23) . Again, attachment seems to be the only component that has a consistent influence on the growth trajectories of the different growth variables throughout the three trimesters of pregnancy. It remains unclear to us why most of these associations are negative although we would expect them to be positive. Cortisol in late pregnancy seemed to have an influence on the growth trajectories of BPD, AC, and FL. As a logical consequence, given that these three growth variables are important components of the Hadlock formula for ESW, cortisol in late pregnancy seems to influence the growth trajectory of ESW.
There are clear limitations to our study. As compared with the Generation R Study (23) and the ALSPAC study (12) , our sample size is small. The protocol of our study is quite demanding for the mothers, which resulted in a dropout of more than 30%. Furthermore, the women included here probably do not represent a random sample, as most of them were highly educated (68.8%) and had a high socioeconomic status. Finally, the mean depression and anxiety scores were rather low. This, however, might also be an advantage, as the study shows the importance of depressive features and cortisol secretion during pregnancy in women without pronounced psychiatric symptoms. 
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There are some important advantages to this study. First, we used ultrasonography to evaluate IUG. Until recently few studies have used ultrasound as a measure to evaluate the IUG of the fetus in relation to maternal distress during pregnancy. Birth outcomes like birth weight are used in several studies to investigate the influence of maternal prenatal distress, but these are only crude measures of IUG and cannot provide detailed and systematic information on the growth of the fetus across the different time periods in pregnancy (23) . Another advantage is that in our study we did not only focus on the mid-and late pregnancy, but also on early pregnancy. Furthermore, we used cortisol day profiles, allowing a more detailed assessment of HPA axis function as compared with single cortisol samples. To our knowledge, there is no literature available on the effect of cortisol on growth during pregnancy as evaluated by ultrasonography.
This study shows preliminary evidence for the important role of maternal psychological factors and cortisol secretion on fetal development. Cortisol exerted an influence mainly in midpregnancy. We hypothesize that the fetus is more vulnerable to maternal cortisol in mid-pregnancy then in late pregnancy, because de novo cortisol production likely occurs transiently early in gestation (around 7-10 wk gestation). Due to the lack of expression of type 2 3β-hydroxysteroid dehydrogenase/Δ [4] [5] isomerase, a crucial enzyme in the biosynthesis of cortisol, de novo cortisol biosynthesis appears to be suppressed until late gestation when cortisol production escalates. Mounting evidence indicates that cortisol may act as a "two-edged sword" for the fetus: it can promote maturation of fetal organs necessary for extra-uterine life, but it can also influence adversely fetal growth and postnatal development (26) .
From our study, it can be concluded that depressive symptoms and attachment were particularly relevant during the third trimester and that, finally, attachment seems to have an influence on the growth trajectories of different growth variables between mid-and late pregnancy. These findings are important for preventive health care.
Evidently, these are exploratory data in a relatively small sample size. This study tried to find interesting patterns, although replication is needed, and further research concerning the underlying mechanisms and the effect of preventive measures should be performed.
MetHODs
Study Design
We recruited pregnant women (n = 100) from the antenatal clinic of the University Hospitals in Leuven, Belgium, at about 8-12 wk gestation. Subsequently, they were examined once each trimester during pregnancy by our team. Seven pregnant women were excluded because they were suffering from somatic disorders or were taking corticosteroids or other medication inferring with the HPA axis. Multiple pregnancies (n = 2) were excluded because growth parameters in multiple pregnancies are not comparable with those of singleton pregnancies.
This study was approved by the ethical committee of the University Hospitals of Leuven, Belgium. Written informed consent was obtained from all participants. Table 9 shows the flow chart of this study, containing the general, psychiatric, and stress assessments of the mother and the assessments of the child.
Clinical Assessment
General and medical information. Information was gathered on health, current professional activity, substance use, and a number of other relevant variables such as maternal weight before and weight gain during pregnancy. At birth, information on birth and well-being of mother and child, such as method of delivery; administration of epidural anesthesia; Apgar scores; height, weight, and HC of the baby; anatomy and weight of the placenta; complications during and after delivery; and other relevant variables were obtained from the medical file.
Fetal development and IUG. Fetal development and IUG were assessed through ultrasound examinations. Ultrasonography was conducted at set time points: around 12 wk of gestational age, around 20 wk gestational age, and around 30 wk gestational age, by physicians and midwifes supervised by trained gynecologists.
Several variables were measured accurately using standardized techniques. Crown-rump length was obtained in the first trimester. In the second and the third trimester HC, BPD, AC and FL were measured. Furthermore, ESW was calculated using the formula by Hadlock (27) using HC and AC as well as FL, in the second and third trimester (before 18 wk of gestation an accurate estimation of fetal weight cannot be achieved). The ratio of abdominal and HC, which is calculated by dividing AC by HC, measures symmetry of fetal growth (27) . In addition to this the growth trajectories between T2 and T3 of the different growth variables (HC, BPD, AC, FL, and ESW) were examined. Therefore, we calculated the difference between the values measured in T2 and T3. 
